The Brazil nut effect is a phenomenon in which large, dense objects migrate to the top of a bed of granular media when exposed to vibration. An example of this phenomenon is finding Brazil nuts on the top of a can of mixed nuts. The same phenomenon can be observed in almost any granular system, which includes numerous industrial processes. By understanding the Brazil nut effect, knowledge can be gained to create or prevent segregation within desired industrial processes. In this project, the Brazil nut problem is examined through the use of stereoscopic X-ray imaging. The stereoscopic images are analyzed with a particle tracking algorithm to quantify large particle motion in three dimensional space. Particle motion is quantified under a variety of operating conditions to both observe the particle motion and examine the accuracy of the particle tracking algorithm.
INTRODUCTION
It was observed as early as the 1930s that the larger, heavier Brazil nuts tend to rise to the top of a can of mixed nuts [ 1] . However, the study of granu lar flows goes back much further, and many of the phenomenon observed in granular flows are theorized to play critical roles in what has become known as the "Brazil nut effect" or the " Brazil nut phenomenon" [2, 3] . The understanding of this effect has broad application in industries ranging from agriculture to pharmaceuticals for both the sorting of granular media by size and the prevention of size segregation in processes that are intended to be homogeneous.
Numerous studies have examined the three predominant mechanisms theorized to cause the Brazil nut effect; these mechanisms are convection, geometric reorganization, and buoyancy [ 4-1 0] . Convection in granular flows was observed by Faraday, and is often seen coupled with a tilting of the surface of the bed from the horizontal, a phenomenon named "Faraday tilting" because of Faraday's early research [2, 3] . Geometric reorganization (also known as void filling), however, is more specific to the Brazil nut effect. 1n geo metric reorganization, the smaller particles fill voids under the larger ones as the system is vibrated, which ratchets the large particles upwards [10] . The third theory is the presence of air in the system causes the large particle to become buoyant [9] . Buoyancy has been less thoroughly researched than the other theories; however, even research concentrating on convection and geometric reorganization has found the air pressure in the bed can affect the movement of the particles [1 , 3] . A comprehensive review of the available literature was compiled by Kudrolli [10] .
It has been shown that under certain conditions the Brazil nut effect can be reversed, that is, the large particles forced to the bottom of the bed. The most researched way of creating this effect is to increase significantly the density of the large (intruder) particle as compared to the density of the bed [8, 11] . However, some researchers have been unable to replicate these results [ 1] . Other research has shown that changing the shape of the container holding the bed can also reverse the Brazil nut effect by preventing the intruder particle from reentering a convection current after it is trapped at the bottom [ 1 0].
The studies to date have a few limitations. First, most studies focused on pseudo-two dimensional systems. This simplification allows for the use of a standard, visible light camera to image the system, and particles can then be tracked from the sequence of images [4] [5] [6] . However, thi s also induces a wall friction boundary condition on all particles that may affect the flow of the system [12] . Multiple studies have attempted to rectifY this through the use of magnetic resonance imaging (MRI) and positron emission particle tracking (PEPT) [12] [13] [14] [15] . The best results have been obtained using MRI technology; however, due to the time required to acquire one MRI image, the system must be excited through one cycle, stopped, imaged, and then the whole process repeated numerous times. This results in acceleration transients that would not exist under a continuous sinusoidal excitation and could influence the results [13] . While Xrays have been used to image granular fluid flows, at the time of this paper no other research group had been found using them to image the Brazil nut effect. This paper presents updated research based on previous research by the same group [ 17] and addresses some of the shortcomings of the earlier work. First, in an attempt to replicate more closely the original phenomenon, actual nuts have been used for two of the bed materials, which is different from the fine powders used in many other experiments [3] . However, for the purposes of practicality and comparison with other studies, much of the research is conducted with finer granular material. Second, the motion of the bed container was constrained to translation in the vertical direction only. Third, a p nicle tracking a lgorithm was developed to provide quantification of th u litati c rc ult in the previous study. The vibration exc iter is controlled by a function generator . nn ~ted to _ a ignal amplifier that clips the current going to the 1brat1on exciter at 5.4 ARMS· An oscill oscope was also connected to m nit r th e d ri ve ignal so the exciter could be driven at maximum power, without c lippin g. Due to the power limitation, most tests were conducted at amp litudes of less than the 2.54 em maximum vibration 1710 amplitude. A ll of the control equipment was set up remotely so the vibration could be controlled while the X-ray sources were in use.
Bed Materials
The bed materials are chosen to replicate the Brazil nut phenomenon as closely as possible. The first material is a commercial mixed-nuts blend, consisting of approximately 43% shelled peanuts, 23% whole cashews, 12% whole almonds, 12% whole Brazil nuts, 7% pecan halves, and 3% whole filberts by mass. The second bed material is 100% whole almonds. Almonds are used because their hard shells and low oil content reduces the bed packing. The final material is crushed walnut shell (used commercially as a blasting media), sifted to a size range of 500 -600 microns. The walnut shell particles are too small to be imaged individually by the cameras, providing a smooth background, which improves the particle tracking accuracy.
Tracer Particle
The tracer particle was designed to emulate a Brazil nut while also being easy to track. This required a spherical particle because the particle tracking algorithm is not rotation invariant. The particle, shown in Fig. 3 , is made of walnut wood, turned on a lathe, and sanded into a 1.8 em (0. 71 inch) sphere. It is then soaked in a solution of potassium iodide to increase its X-ray attenuation. 
X-ray Imaging System
As shown in Fig. 4 , the X-ray system consists of two LORAD LPX200 X-ray sources mounted at 90 degrees to each other. Across from each source is a Precise Optics PSI64X image intensifier and a DVC-1412 Monochrome Digital Camera with a resolution of 1388(H) x I 024(V). However, for this study the cameras are set for 2 x 2 binning to obtain a maximum theoretical frame rate of 20 frames per second (fps), lowering the resolution to 640(H) x 512(V). The cameras are connected to a dual Intel X eon quad-core with a processor speed of 2.66 GHz per core and 16 GB of RAM; however, the camera drivers limit the available RAM to 3.8 GB while imaging IS 10 progress. Custom software is used to trigger the DVC cameras every 55 ms. This provides a sl ightly lower frame rate (18 frames per second) than the theoretical maximum; but also generates a more consistent frame rate. The exact time at which each frame is acqUired · · · that is also recorded, accurate to I ms, to account for shght vanatwns mi ght occur.
· 11 The images acquired directly from the camera are sequentla Y numbered !2-bit per pixel grayscale images. The same software that is used to acquire the images is also used to convert them from .bt~e native 12-bit format of the cameras (a format which is incompatl e with most computers) to a standardized 16-bit per pixel grays~le format. The software also applies a correction for the pincush!O~ distortion caused by the image intensifiers and tracks the location ° the particle as described in the next section. More details on the X-ray equipment, data acquisition, and image reconstruction can be found elsewhere [18] [19] [20] .
Particle Tracking and Edge Detection
X-ray particle tracking in a fluid flow has multiple challenges. First, because of the conical nature of the X-ray beam, the intensities of image are generally higher in the center than around the edges of the bed. While it is a subtle difference, it is significant enough to prevent the use of a simple intensity threshold to identify the particle. This is further complicated by the inconsistencies in the bed of large particles, wh ich creates an uneven background against which the particle must be identified. Finally, the transition between the particle and the bed is often a gradient rather than a sharp edge, making it hard to define the precise edge of the particle.
To overcome the challenges associated with the X-ray particle tracking, a normalized cross-correlation algorithm was used. This method of template matching has been tested by Drake et. al. [21] . However, the algorithm used was a native function in MatLab; for this study, the normalized cross-correlation is coded into the X-ray acqu isition and analysis software. The basic form of the normalized cross correlation is:
wherefis the image intensity, f is the mean ofjin the area under the template, x and y are the size of the image, t is the template image intensity, t is the mean of the template image, and u and v are the offset of the template. The normalized cross-correlation algorithm works by moving a template image over every point within an image or selected region of interest within an image. At each point, defined by the offset, (u, v) , the similarity of the template and the region of the image directly beneath the template is calculated with a cross-correlation. The crosscorrelation is not intensity invariant, and thus is oflimited use in X-ray particle tracking because of the variation in intensity across the image. Thus the cross-correlation is normalized by subtracting the means and dividing by the standard deviation to make an intensity invariant detection algorithm. Equation I, however, is extremely computationally intensive, s_o the fast normalized cross-correlation method developed by Lewis IS used [22] . The numerator of the equation is calculated using fast Fourier transforms to compute the convolution in the frequency 1711 domain. The denominator is computed using sum tables to eliminate redundant operations [22] .
The template image used to track the particle is an image of the walnut wood tracker particle on a piece of foam ; however, the X-rays are sufficiently powerful to saturate the foam, providing the radiograph template image in Fig. 3 , with just the particle. This radiographic image is used as the template that is applied over the region of interest within the acrylic column for every image, for both cameras. The pixel location in the image wherein the maximum correlation resides is the center of the particle, and is exported to a Microsoft Excel file for further analysis.
For particle tracking to be most useful, the position of the particle should be relative to the bed material. This is not an issue in the xdirection and y-direction because the bed is constrained to prevent translation. However, the bed is vibrated in the z-direction, with a significant amplitude, causing the bed to move vertically in the image. To complicate this further, the bed does not necessarily move in phase with the container.
As shown in Fig. 5 , it is possible for a gap to occur between the bottom of the bed and the bottom of the container. The first frame in Fig. 5 shows the system as it is moving upward, compacting the bed of almonds. The next frame shows the system as it is moving downwards. The container is forced downward by the vibration exciter at a rate greater than the acceleration due to gravity. The bed however, moves downward primarily by gravitational forces (there is also a small downward force induced into the bed by friction with the downward moving container). This movement creates the gap beneath the bed, which must be compensated for to obtain z-positions relative to the bed. Furthennore, it is important to note that the bed stays as a cohesive block as it falls. Bed materials with a high oil content release oil from the impacts, which mixes with some of the powdered bed material inherent in the system to create an adhesive force that helps hold this block together.
To compensate for the gap beneath the bed, the location of the bottom of the bed in the z-direction is identified with a two-step edge detection. First, the bolt that holds the wooden platform to the lever is tracked using the same normalized cross-correlation method that is used to track the particle except with an image of the top portion of the bolt used as a template image. Next, a region that contains the bottom of the bed material is selected in the first frame . The software finds the offset between the bottom of the selected region and the detected location of the bolt. This value is used to adjust the region up and down based on the detected vertical position of the bolt so as to maintain a constant offset. The final step is to use a row-averaged thresholding algorithm to find the bottom of the bed, graphically represented in Fig. 6 . The average of each row within the region of interest is calculated, depicted as the non-linear function in Fig. 6 . Then, scanning from top to bottom, the average of each row is compared to a predetermined threshold (the vertical line in Fig. 6) ; when the threshold value is exceeded, that row is marked as the bottom of the bed, and the algorithm terminates. If the algorithm reaches the bottom of the region of interest without finding a row where the average exceeds the threshold, the bottom row of the region of interest is marked as the bottom ofthe bed.
Error Estimation
There are a number of sources of error in the final calculated particle position. The first source of error is the limits of the acquisition hardware. The size of the pixels on the camera hm1ts the position accuracy to +1-0.02 em. The image intensifiers used to acquire the X-ray images also induce error into the system by warpmg the image, which must be corrected. By measuring the variation in detected location of the tracer particle in a static bed, the error m the unwarping algorithm was determined to be negligible.
Copyright © 20 I 0 by ASME The large t erro r i introduced in the normalized cross-correlation alg ri thm fo r both the particl e and bolt, and the bottom of the bed dete tion algorith m. For all three, the error is estimated by selecting 0 rand om images and th en manually defining the best position for the feature and then finding the deviation from the selected best position.
ing th i method the error of the particle detection is +/-0.08 em in the -d irection and y-direction, and +/-0.07 em in the z-direction. The z-di recti on e rror fo r the bolt detection is +/-0.07 em and the z-direction error for th e bottom of the bed detection is +/-0.14 em. The xdirection and y-direction erro r were not measured for the bolt detection and bottom of bed detection because the x-direction and ydirection values are never used in the analysis. When combined, the total error is +/-0.10 em in the x-direction andy-direction and +/-0.30 em in the z-direction. 
RESULTS

Particle Tracking Error
Due to background variation in the image, the particle tracking algorithm does not always correctly identify the tracer particle. When the algorithm incorrectly identifies the position of the particle it creates a significant position error. As is shown in Fig. 7 , the uncorrected position can be incorrect by as much as 50% of the corrected position. Currently, the only way to obtain data without false detections is to go through every frame, and manually correct any false identifications. The result of this correction is shown as the corrected position in Fig. 7 . While this is feasible for small data sets with low error rates, it is impractical for larger data sets. All of the position data in this study has been corrected for false detections, which brings the positional error of the particle tracking algorithm down to the previously indicated level of +/-0 .07 em.
As shown in Table I , the detection rate is very high for both the walnut wood tracer soaked in potassium iodide in a bed of crushed walnut shells and for the head of the steel bolt in the plywood base of the system. The high detection rate is closely related to the evenness of the background and the distinctiveness of the template shape. As shown in Fig. 8 , the crushed walnut shell provides a very even background due to the small size of the individual particles. The small size of crushed walnut shell particles also means that, in comparison to the background, the round shape of the tracer particle is very distinctive. This also explains why the mixed nuts had a high detection rate. While the nuts in the mixed nut blend are significantly larger than the crushed walnut shell, which causes background noise, the nuts are shaped differently than the tracer particle and each other. This shape variation helps break up patterns in the background that can fool the normalized cross-correlation algorithm. In addition, the mixed nuts were also very susceptible to packing, which reduced the void fractiOn in the bed and made for a more even background.
Copyright © 20 I 0 by ASME . The high detection rates obtained for crushed walnut shell and mixed nut beds are in sharp contrast to the relatively low detection rate achieved With the walnut wood tracer in the bed of almonds. The shape of the almonds increases the void fraction of the bed, which in tum creates a vanable background . This variable background has a somewhat regular pattern to it, which creates shapes that appear to the computer to be Similar to the particle template. The background vanat10n also supenmposes a texture over the image o. f the particle in th e bed •. creatmg a lower correlation between the particle template and the particle 111 th e bed. The combination of the increase in background vanatwn and decrease in tracer particle correlation is enough to cause th e reduced detection rate. An attempt was also made at tracking another object, a Brazil nut soaked in potassium iodide and painted with silver paint (both treatments were to increase the X-ray attenuation of the nut). However, because the normalized cross-correlation algorithm is not rotation invariant, a suitably high detection rate could not be obtained despite bein g easily detectible to the human eye.
Particle Tracking Base Condition
In order to have a consistent basis of comparison, a base condition was chosen from which all other conditions could be compared. The base condition was a 5.08 em (2 inch) high walnut shell bed vibrated at I 0 Hz with the walnut wood tracer particle placed at approximately the center bottom of the bed prior to each test. The bed was also mixed by hand prior to each test to help eliminate the effects of packing. This base condition was chosen because it clearly demonstrated the Brazil nut effect, and worked well with the particle tracking algorithm.
The analysis of this condition with the tracking algorithm can produce either temporal graphs as in Fig. 9 or positional graphs as in Fig. 10 . While the temporal graphs are useful for identifying when 1713 a) x-position versus time
Time, t (s) b) y-position versus time specific movements occur, the movement of the particle from the bottom of the bed to the top is of primary concern, and thus Fig. 9c is most useful. The positional graphs are most useful for observing the for compari son is intended to be an llll I gue t the true Brazil nut effect as observed in cans of mixed nu . T del rmin e th e effect of bed materi al, the 5.08 em bed was !illed ' ith three differen t materia ls (crushed walnut shell, almonds, nd mi ed nul ) and vib rated at I 0 Hz. Based on the information in Fig. II, th crushed wa lnut she ll bed does exhibit similar harn teri tic to bed o f nuts.
The b d f almonds also appears to move along convection urrenlS (Fig. II b) . However, as shown in Fig. ll a, these convection urrent ar not the single, pseudo two-dimensional currents that appear in th wa lnut shell. The movement of the tracer particle in a nearly ertica l fas hi on from th e start, along the top of the bed, and then down~ ard at the edge indicate that the granul ar flow is establishing a t r idal convection current. That is, the flow moves upward at the c nter of the contain er, radially outward across the top, back down at the edge , and back to the center across the bottom. Unlike the walnut hell bed, when the tracer parti cle reaches the top, outside edge of the fl it appear to be ab le to enter the downward portion of the flow. Thi i likely due to the mu ch sma ll er difference between bed particle and intruder particle size. When the mi xed nut blend is used for a bed material a convection flow is either not established, or is stopped before ~ize segregation full y occurs. As shown in Fi g. II b, the tracer particle moves almost verticall y in the bed of mi xed nuts. This movement occurs at a similar speed to th at of th e almonds and walnut shell beds· however, it stops once th e particle reaches a height of 3 em. There ar~ three main possibilities for the cessation in movement. First, and most likely, th e mi xed nut bed is creatin g a toroid al convection current like the bed of almonds; however, aft er a short period of time packing begins. The hi gher oil content of the mixed nut blend causes oil to leach out of th e nuts with each impact and this oil causes the nuts to begin to adh ere to one ano th e r. This adhesion creates a single block of nuts, effecti ve ly ha lting a ll motion of the nuts relative to one another. The second possibili ty is that the movement of the tracer particle is caused by a different mechanism in the mixed nut bed, most likely geometri c reorga ni zati on. Finally, it is al so possible that a very heavy nut is directly over th e tracer particle, creating enough downward force to counter any up wa rd mo vement.
Variation in Vibration Frequency
Four di ffe rent freque nc ies were tested in a 5.08 em bed of crushed wa lnut shell , and a ll showed evidence of convection currents. As shown in Fig. 12 , th e I 0 Hz, 15 Hz, and 20 Hz vibrations all appear to set up planar convection cells similar to the original I 0 Hz vibration. The primary difference is the speed of the convection current, which decreases as th e vibration frequency increases (Fig.  12c ). This could be because the amplitude of the system decreases as the frequency increases, due to the power-limited nature of the vibration exciter. A larger system capable of increasing the frequency of vibration without chang ing the amplitude would be necessary to make a conclusive obse rva tion.
However, th e 5 Hz vibration appears to create a different mode of con vecti on than th e other three frequ encies. As shown in Fig. 12b , the tracer parti cle moves upward at a lmost the exact center of the bed, and then moves outward radi a lly. This indicates that at 5Hz the walnut shell bed is creating a toroidal convection current like the one observed in the bed of almonds vibrated at I 0 Hz. However, because of the greater size diffe rence between the crushed walnut shell particles and the tracer particle, the particle could not sink enough to reenter the flow as it did in the almonds. Fig. 13 shows the effect of bed height on the tracer particle movement for bed hei ghts of5.08 em, 7.62 em, and 10.16 em. From  Fig. 13b , it is observed th at all three cases move across the whole bed in a counter-clockwise convection current, exactly as the base condition did. In fact, through the first 5.08 em of the current, the particles for all three heights took almost the exact same path. However, as shown in Fig. 13c the rate at which the tracer particle moves upward decreases as the bed height increases . The extra height of bed clearly slows the velocity of the current. This difference is likely caused by a change in amplitude due to the extra weight on the system. Further testing with a system that can hold a constant amplitude when the bed height is varied is necessary to determine for sure. 
Variation in Bed Height
FUTURE WORK
To dete rmine the nature of the Brazil nut effect conclusively, three chan ges are required for future work. First, multiple individual particles in the bed should be tracked in addition to the larger tracer particle used in thi s study. This will show if the large particle follows the same currents as the bed, or if it is moving independently of the bed move ment. Second, a more powerful system sho uld be built, capable of chang ing freque ncy without affectin g the amp litude so a determination can be made if the reduced speed as frequency increases is due to th e change in amp litude or another effect. Finally, th e particle tracking algorithm should be improved to yield fewer fal se detections, particularly with images containing an uneven background, thereby allowin g a la rger a mount of data to be processed.
CONCLUSIONS
A normali zed cross-correlation method of template matching was used effectiv ely to track the location of a particle in a vibrationfluidized granul ar bed. It was shown that strong convection currents occur w ithin vibrati o n fluidi zed granular flows.
The convection currents appea r to occur in two predominant modes. The first mode observed is a pseudo two-di mensional current across the entire bed. The second mode is a toroidal current with the center of the bed rising and the ed ges sinking. Di ffe rent bed materials were shown to create different modes of convection, with the larger bed particles tending to show a to roidal current. This same current was also found in low frequency vibration of a bed with smaller bed particles; however, as the freque ncy was increased, the convection mode switched to a single la rge, co unter-clockwise current across the entire bed. This same current was observed in a ll variations of the bed height; however, the veloc ity of parti cle moveme nt decreased as the bed hei ght increased.
